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Abstract A seven-generation family with 30 members
affected by highly variable autosomal dominant zonular
pulverulent cataracts has been previously described. We
have localized the cataracts to a 19-cM interva on chro-
mosome 20g33-g35 including the y-crystallin gene cluster.
Maximum lod scores are 4.56 (6=0.02) with D2S157,
3.66 (6=0.12) with D2S72, and 3.57 (6=0.052) with CRY G.
Sequencing and allele-specific oligonucleotide analysis of
the pseudo yE-crystallin promoter region from individual s
in the pedigree suggest that activation of the yE-crystallin
pseudo gene is unlikely to cause the cataracts in the fam-
ily. In addition, base changes in the TATA box but not the
Spl-binding site have been found in unaffected controls
and can be excluded as a sole cause of cataracts. In order
to investigate the underlying genetic mechanism of
cataracts in this family further, exons of the highly ex-
pressed yC- and yD-crystallin genes have been sequenced.
The yD-crystallin gene shows no abnormalities, but a 5-bp
duplication within exon 2 of the yC-crystallin gene has
been found in one allele of each affected family member
and is absent from both unaffected family members and
unaffected controls. This mutation disrupts the reading
frame of the yC-crystallin coding sequence and is pre-
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dicted to result in the synthesis of an unstable yC-crys-
talin with 38 amino acids of the first “Greek key” motif
followed by 52 random amino acids. This finding sug-
gests that the appropriate association of mutant By-crys-
tallins into oligomers is not necessary to cause cataracts
and may give us new insights into the genetic mechanism
of cataract formation.

Introduction

Congenital cataracts are common disorders of the eye that
often cause blindness in children (Robinson et al. 1987;
Foster and Johnson 1990; Lund et al. 1992). Although
most commonly inherited in an autosomal dominant man-
ner (Francois 1982; Merin 1991), congenital cataracts are
genetically heterogeneous, with clinically identical cata-
racts mapping to different loci (Hejtmancik 1998). In ad-
dition, autosomal dominant congenital cataracts are phe-
notypically heterogeneous. Although individuals in a
family tend to have morphologically similar cataracts
(lonides et al. 1999), identical mutations in the same gene
can show intrafamilial phenotypic variability, especially
with zonular cataracts. Among the most variable cataracts
are the zonular cataracts in the seven-generation family
described by Scott et al. (1994).

Crystallins are the major soluble structural proteins in
the lens and in humans comprise three major classes, the
a-, B- and y-crystallins (Wistow 1990; Ray et a. 1997).
The By-crystalins have two domains, with each domain
being composed of two exceptionally stable protein struc-
tures called “Greek key” motifs (Blundell et a. 1981).
The y-crystallin gene cluster on chromosome 2g33-g35
containsthe yA- (CRYGA), yB- (CRYGB), yC- (CYRGC)
and yD- (CRY GD) crystallin genes, of which yC- and yD-
crystallins are expressed at high levels (Hejtmancik
1998). The yE- and yF-crystallin pseudogenes are also
found in this region. The y-crystallins play a crucial role
in both lens development and maintenance of lens trans-
parency (Hejtmancik et al. 1995). Several mutationsin y-
crystallin genes have been associated with hereditary
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cataract (Stephan et al. 1999; Heon et al. 1999). Autoso-
mal dominant cataracts in an additional family have been
mapped to the region of the y-crystallin gene cluster on
chromosome 20g33-g35 (Rogaev et a. 1997).

In this report, we map the locus for an autosomal dom-
inant cataract to a region of chromosome 2¢g33-g35 span-
ning 19 cM including the y-crystallin gene cluster. Al-
though the pseudo yE-crystallin promoter associated with
the cataract shows some of the sequence changes de-
scribed by Brakenhoff et al. (1994), similar changes are
also found in several unaffected individuals, suggesting
that this geneisunlikely to be the cause of cataractsin this
family. Sequencing of the nearby yD-crystallin gene has
revealed no changes, but the yC-crystallin gene shows a 5-
base duplication in exon 2 that is present in all affected
family members.

Materials and methods

Pedigree and patient studies

These studies were performed under a protocol approved by the
NEI Institutional Review Board and conforming to the Declaration
of Helsinki. Informed consent was obtained from adult patients
and the parents of minor patients. Clinical and ophthal mologic ex-
amination included determination of horizontal corneal diameter,
intraocular pressure, dlit-lamp examination, Snellen visual acuity,
stereoacuity, and color vision testing. Detailed medical and family
histories were obtained from each available family member. All
ophthalmologic examinations were carried out by M.H.S. and
M.I.K. Detailed clinical findings of affected individuals were pre-
viously described by Scott et al. (1994). A blood sample of 14 ml
was obtained from all available members in the family, including
affected and unaffected individuals, for transformation into lym-
phoblastoid lines. Genomic DNA was isolated directly from blood
and from transformed lymphocytes as described elsewhere (Smith
et al. 1992).

Genotype analyses

Genotyping was carried out by using microsatellite markers for the
polymerase chain reaction (PCR), and products were subsequently
separated on 6% polyacrylamide denaturing gel. PCRs were car-
ried out as described previously (Smith et a. 1992). Briefly, 1.5
nmole of a single primer of each pair was end-labeled with a3?P-
ATP by incubating for 1 h at 37°C in a reaction mix containing
5 U T4 kinase. After end-labeling, 50 pmole labeled primer was
added to the PCR mix containing 50 pmole unlabeled primers (100
pmole for the other pair). Amplification was performed in a ther-
mocycler (Perkin-Elmer 9600) with 60 ng genomic DNA under
conditions of denaturing for 30 s at 94°C, annealing for 30 s at
55°C, and extension for 40 sat 72°C for 30 cycles, followed by fi-
nal extension for 2 min at 72°C. The amplified products were ana-
lyzed on the sequencing gel. The gel was dried onto Whatman
3MM filter paper, which was then exposed to Kodak X-Omat film.
Each autoradiogram was read independently by three individuals
without referring to the disease phenotype. Only resultsin uniform
agreement were used in the analysis. Finally, haplotypes for each
individual were constructed (Fig. 1).

Linkage analysis
Linkage analysis was performed by using the FASTLINK imple-

mentation of the LINKAGE program package, version 5.1 (Cot-
tingham et al. 1993; Schaffer et al. 1994). The MLINK program

was used for two-point analysis. Allele frequencies were obtained
from the Genome Date Base (GDB). Markersin Fig.1 are shown
in the order according to the CEPH/NIH, the CHLC, and the
Genethon maps (NIH/CEPH Collaborative Mapping Group 1992;
Buetow et al. 1994; Gyapay et al. 1994). Markers D2S157, D2S72,
CRYG, D2S104, D2S128, and D2S173 could not be ordered un-
ambiguously by these maps, and their order and distance in centi-
Rays (cR) were determined by screening the Stanford TNG Radia-
tion Hybrid Mapping Panel (Research Genetics, Huntsville, Ala.)
and analyzing the results with RHMAP software (Boehnke et al.
1996). Two-point linkage analyses were carried out for the inher-
ited cataracts as atrue dominant trait with penetrance of 0.90, 0.95,
and 0.98. Results were obtained assuming 98% penetrance of the
disease.

PCR amplification of y-crystallin genes

Human genomic DNA was amplified by PCR with gene-specific
primers. The sequences of the primers used for amplification of the
yD-crystallin gene (HUMCRY GQ 3-4; Genebank accession nos
K 03005, K03006) are: Ex-1 (5 CCTTTTGTGCGGTCCTTGCCA-
ACG3' and 5’ GCCCAGTCTCTGGCCCCCGCGATGG3T'), Ex-2
(5 GGGGGCCAGAGACTGGGGCAGGA3Z and 5 CCTGAGG-
ACCTGGGTCCTGAC3Z'), and Ex-3 (5 CACACTTGCTTTTCT-
TCTCTTTT3 and 5 TTAAGAAACAACAAGGAGGACS3'). The
sequences of the primers used for the amplification of the yC-crys-
tallin gene (HUMCRY GX 3-4; Genebank accession nos. M 11970,
M11973) are 5 GCATCATCCGTGTCAACCAG 3 and 5 CGG-
TCGTTACGTCTGATTTATAAA 3. A sample of 100 ng human
genomic DNA was used for PCRs with 3.2 pmole primer in 50 pl
reaction mix. PCR was carried out in a thermocycler (Perkin-
Elmer 9700). Conditions for amplification of the yD-crystalin
gene were a 5-min denaturing step at 94°C followed by 30 cycles,
each consisting of 1.5 min at 94°C, 1 min at 60°C, and 2 min at
72°C. The conditions for amplification of the yC-crystallin gene
were a 5-min denaturing step at 94°C followed by 35 cycles, each
consisting of 30 sat 94°C, 40 sat 50°C, and 2 min at 72°C.

DNA sequencing

PCR products were analyzed on 1% agarose gels and purified by
the QIAquick Gel Extraction Kit (QIAGEN, Valencia, Calif.) fol-
lowed by ethanol/sodium acetate precipitation. Sequencing in the
forward and reverse directions with the above exon-specific
primers was performed on an ABI 377 prism automated sequencer
(ABI, Foster City, Calif.) by using an Amplitaq FS cycle sequenc-
ing kit (ABI) with dye-labeled terminators.

Allele-specific oligonucleotide analysis
of the pseudo yE-crystallin gene

A 139-bp DNA fragment from the promoter region of intron 1 of
the yE-crystallin pseudo gene (Fig. 2) was amplified from the ge-
nomic DNA of 30 affected and 16 unaffected individuals by PCR
with the following primers. 5 TTGCTGCGGTTCTTGCCAA-
CA3 and 5 CAGGGAGCTACCGGGGGG3' (Brakenhoff et al.
1994). Two alele-specific oligonucleotide (ASO) probes (GGAC-
GATATGTCGGGGCGG, the underlined base having either a G
or T substitution) were end-labeled with a%2P-ATP. The PCR-am-
plified fragments were hybridized separately with the above
probes on a slot blot. After being washed (4x15 min) with Church
buffer at room temperature, the blot was then stringently washed at
57°C for 5 min followed by autoradiography. PCR products of
both alleles from two affected individuals (14 and 16) and three
unaffected individuals (13, 24, and 92) were also subcloned by TA
cloning (Invitrogen, Carlsbad, Calif.), and 8- to 14-allele clones
were sequenced for each individual by using the fmol DNA Cycle
Sequencing System (Promega, Madison, Wis.) with a3P-ATP-la-
beled primers (ICN Biomedicals, Costa Mesa, Calif.) to confirm
both alleles detected by the ASO assay.
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erswith alleles conserved in al disease-bearing individuals are boxed. x Obligate recom-

females, solid symbols affected individuals, open symbols unaffected indi
bination events, ? dit-lamp examination could not be performed

Fig.1 Pedigree of the zonular pulverulent cataract family studied showing segregation of
seven microsatellite markers and genotypes of the TATA box of yE-crystallin on chro-
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mosome 2q listed in descending order from the centromere (D2S116, D2S157, D2S72,
CRYG, yE-crystallin TATA box, D2S104, D2S128, and D2S173). Squares Males, circles



534
Fig.2 Comparison of allele

CCL Allele S
sequences of the promoter re- AlleleP 5°
gion of the yE-crystallin gene eler o -
from the five members of the
cataract family with the se- 16 Allele 1 5° -----
quence of the CCL yE-crys- (Affected) Allele2 5° -----
tallin gene described by
Brankenhoff et a. (1994). R
Identity to the CCL sequence 14 Allele 15 T
isindicated by dashes and the (Affected) Allele2 5% -----
nucleotide changes are speci-
fied. The TATA box is capital- 13 Allele 1 5 -----
ized. Numbers indicating the (Unaffected) Allele2 5’ -----
positions of the sequence cor-
respond to the sequences de- R
scribed in Fig. 3 of Branken- 24 Allele 157 -----
hoff et al. (1994) (Unaffected) Allele2 5’ -----
92 Allele 1 5 -----

(Unaffected) Allele2 5 -----

Mutation detection of the yC-crystallin gene

The primers used for detection of the yC-crystallin mutation were
(Genebank accession nos. M11972, M11973) 5 CGAAACCAC-
CACTGACTGCCC3' labeled with the fluorescent dye [HEX] (PE
Applied Biosystems, Custom Primers) and 5 CCTCGCCGCAGC-
AAGTATTGT3'. In control DNA, these primers are predicted to
amplify a 132-bp fragment including the site of the 5-base inser-
tion in the mutant yC-crystallin. A total of 47 family members and
46 unrelated individuals were tested. After an initial 4-min dena-
turing step at 94°C, PCR was carried out for 35 cycles under con-
ditions consisting of 94°C for 30 s, 55°C for 40 s, and 72°C for 40
s, with a final extension at 72°C for 4 min. Amplified fragments
were electrophoresed on a 96-lane 5% denaturing polyacrylamide
gel in an Applied Biosystems 377 sequencer. The GENESCAN
and GENOTY PER software packages (Applied Biosystems/Perkin-
Elmer) were used to analyze the size and the zygosity of aleles.
Sequence analysis was also performed to confirm the PCR results
from some samples.

Results

Genomic DNA samples from 47 members of the pedi-
gree, including 30 affected individuals and 17 unaffected
individuals (Fig. 1), were analyzed for linkage with micro-
satellite markers from the CHLC, CEPH, and Genethon
maps and from the GDB (NIH/CEPH Collaborative M ap-
ping Group 1992; Buetow et al. 1994; Gyapay et al.
1994). Initialy, several regions known to contain cataract
loci were considered as potential candidates. Three mark-
ers (D2S72, CRYG, and D2S104) in or near the y-crys-
talin gene cluster in chromosome 2g33-g35 co-segre-
gated with the cataracts. Two point analysis of eight mark-
ers (Fig. 1) on chromosome 2g33-g35 showed significant
lod scores (Z,5>3.0) with markers D2S128 (Z,,,,=6.00;
a 6=0.06), D2S157 (Z,=4.56, a 6=0.02), CRYG
(Zmax=3.57, a 6=0.052), and D2S72 (Z,=3.66, at
0=0.12), localizing the cataracts in this family to this re-
gion. Markers CRY G and D2S104 showed no obligate re-
combination with the cataract locus. Individual 10
showed a normal phenotype on ophthalmologica exami-

5’ ttgetg // TATACAgCCC

cgecgegeeg // cgecettgege // cegegeeecee // et

Bt CECET ST TR tg* ----ge---- --- C------ ---
m===C--===  =meeee- ccg ----t-----  --- C--==-= ---
R I ccg ----g----- --- [EEEEEE ---
R e CCg ----g----=  --- t------ ---
m===T=====  —me-e-- cCcg  ----g-----  --- [EEEETE ---
==e=C-====  =------ ccg ----t-----  --- C-===== ---
==--T----- ------- ctg ----g----- --- C------ ---
Rt L ccg ----=g-----  --- C--=---- ---
el LT ccg ---mg-----  --- C-=-=--= ---
e S ccg ----t-----  --- Crmmmm- ——-
====C-====  m=-e--- ccg ----t----- --- Crmmmm- -

I | I | I
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nation, although she had inherited risk alleles for al
markers in the critical region from her affected mother,
suggesting the possibility of incomplete penetrance (Fig.
1). These studies limited the candidate region to a 19-cM
interval between markers D2S116 and D2S173 including
the y-crystallin gene cluster.

Brakenhoff et al. (1994) have suggested that activation
of the YyE-crystallin gene resulting from sequence
changes of promoter region might be a cause of Coppock-
like (CCL) cataracts. To determine whether activation of
the YyE-crystallin gene was associated with cataracts in
this family, the promoter region extending from 36 bases
upstream of the TATA box (Fig. 2, base 125) into the first
34 bases of the first intron (Fig.2, base 263) was se-
guenced from two affected and three unaffected individu-
as (Fig. 2). Sequence changesincluded aCto T transition
in the TATA box at position 165, a T to G transition at po-
sition 205, and a C to T transition at position 244 in the
first intron. No sequence changes unique to affected indi-
viduals were identified. The sequence changes found in
the TATA box of affected individuals were analyzed in the
remaining family members by ASO analysis of 19 bp of
the promoter region of the YyE-crystalin, including the
TATA box (data not shown). The sequence changes ob-
served following ASO analysisin this region were consis-
tent with changes identified by sequencing analysis, and
the sequence changes described above were found in one
or even both aleles, not only in affected individuals in
this family, but also in 14 unaffected individuals, includ-
ing ten family members and four unrelated individuals
(data not shown). Thus, sequence variations of the YyE-
crystallin promoter region are not uniquely associated
with the cataracts in this family.

To identify possible mutations in other y-crystalin
genes in affected family members, exons of the yC- and
yD-crystallin genes were amplified by PCR and se-
quenced. The yD-crystallin sequence in two affected indi-
viduals was identical to that in two normal controls and
the published sequence (GenBank accession nos. K03005,



A

GAGAGCGGCGC GGCTGCTGGAT
220 230

B

GAGAGCGGCTGCTGGATGCTCT
220 230

Fig.3 Seguence analysis of yC-crystallin at exon 2 with the muta-
tion showing a 5-bp repeat (underlined) in one allele (A), and a
normal sequence in another allele (B)

K03006). A unique 1.7-kb fragment of the yC-crystallin
gene was amplified with primers flanking exons 1-3, and
its sequence was determined. Sequences from unaffected
individuals 60 and 75 showed complete agreement with
the published sequence (den Dunnen et al. 1985), whereas
the sequence from affected patients 74 and 76 showed a 5-
bp repeat (GCGGC) in exon 2 of the yC-crystallin genein
one allele and the normal sequence in the other (Fig.3).
This finding was confirmed by sequencing of subcloned
PCR fragments of each allele.

In order to screen for this mutation in the entire family
in an efficient and reliable fashion, a 132-bp region in-
cluding the mutation site was amplified by PCR. With the
exception of individual 10, only the 132-bp fragment was
amplified in 16 unaffected family members and 46 genet-
ically unrelated unaffected individuals, whereas one allele
with 132-bp fragment and a second alele with a 137-bp
fragment were amplified in the 30 affected family mem-

A
N\

Fig.4A, B Genotyper analysis of PCR results. Peaks represent
fragments from the PCR. A Two fragments (132 bp and 137 bp)
were amplified from affected individual 27. B Only one fragment
(132 bp) was amplified from unaffected individual 17

bers (Fig.4). Bidirectional direct sequence analysis of the
1.7-kb PCR products from the genomic DNA of two &f-
fected family members (12 and 77), two unaffected fam-
ily members (27 and 62), two unaffected unrelated con-
trols, and individuals 10 and 52 confirmed the above ob-
servations. The 5-bp repeat was present only in two af-
fected members of the pedigree, viz., individual 10, who
also inherited the risk haplotype in the critical interval
from her mother, and individual 52, aclinically unaffected
obligate carrier (Fig.1).

Discussion

In this report, we localize autosomal dominant congenital
cataracts in a seven-generation family to a 19-cM interval
on 2g33-g35 between markers D2S116 and D2S173 and
show that they are associated with a5-bp insertion in exon
2 of the yC-crystallin gene.

Brakenhoff et al. (1994) have proposed that the CCL
cataract might be caused by over-expression of a trun-
cated y-crystallin that is terminated at the end of the first
“Greek key” motif and that subsequently produces an im-
properly folded fragment disrupting the first “ Greek key”
motif, resulting in an unstable molecule that would cause
alens opacity. Heon et al. (1999) have demonstrated that
the cataracts in this family are associated with a single
base change causing a T4P amino acid substitution in yC-
crystallin and that a similar change in the yE-crystallin
promoter (Brakenhoff et al. 1994) occursin unaffected in-
dividuals. The present family with autosomal dominant
zonular pulverulent cataract also shows sequence changes
in the promoter region of yE-crystallin. However, as with
the CCL cataract, these changes are observed not only in
affected individuals, but also in unaffected and even unre-
lated individuals (Fig.2). Similar results have been ob-
tained with both ASO and sequence analyses. These ob-
servations show that the sequence changes seen in the yE-
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crystallin promoter region in this family are not sufficient
to cause cataracts by themselves. They also confirm the
results of Heon et al. (1999) that the C to T transition in
the TATA box of the YyE-crystallin promoter is unlikely
by itself to cause cataracts in the family described by
Brakenhoff et al. (1994), although the two-base change in
the Sp1-binding region at base 178 could not be addressed
directly by either study, as a different sequence change
(CCG to CTG vs TGG in the CCL cataract) was found.
The CCL cataract is a pulverulent nuclear or nuclear
lamellar cataract (Lubsen et al. 1987), which is phenotyp-
icaly similar to the cataracts in some members of the
family described by Scott et al. (1994). However, the au-
tosomal dominant congenital cataracts in this seven-gen-
eration family show a much wider range of severity vary-
ing from a subtle unilateral zonular pulverulent cataract
not impairing visual function to dense bilateral nuclear
cataracts resulting in blindness.

Several individuals in this pedigree show minimal or
no cataract, in spite of having inherited the haplotypes of
the critical interval for this cataract. Among them are in-
dividuals 10, 12, 14, and 52 (an obligate carrier). All of
these individuals also carried 5-base insertions in the yC-
crystallin gene. The extreme variation in phenotype from
completely asymptomatic individuals with no cataract de-
tectable by portable dlit-lamp examination to severe con-
genital total cataracts as seen in individual 15 (Scott et al.
1994) suggests that, even in these autosomal dominant
cataracts, significant effects are exerted by currently un-
characterized factors. The lack of a significant correlation
between phenotypic severity in parent-children pairs
(Scott et al. 1994) argues against a mgjor effect by modi-
fying genes. In addition, the occurrence of individuas
with a severe cataract in one eye and no detectable
cataract in the other suggests a random variation in the
phenotype, since the effects of modifying genes and envi-
ronment should be similar for both eyes. Scott et al.
(1994) have raised the possibility that this radical pheno-
typic variability might result from a requirement for so-
matic mutation of the second yC-crystallin gene in the de-
veloping lens for cataracts to occur. However, whereas it
remains aformal possibility, this hypothesisis difficult to
test.

In addition to the association of the CCL cataract with
aT4P mutation in yC-crystallin and afetal nuclear needle-
like aculeiform cataract with an R58H mutation in yD-
crystallin (Heon et al. 1999), two mutations in yD-crys-
tallin associated with congenital cataracts have also been
reported recently. These include a dominant punctate
cataract first appearing in the first year of life and pro-
gressing to total cataract in childhood associated with an
R14C mutation on the surface of yD-crystallin (Stephan et
al. 1999), and an interesting congenital cataract consisting
of crystallized yD-crystallin within lens fiber cells result-
ing from an R37S mutation in this molecule (Kmoch et al.
1999). These suggest that cataracts can result from muta-
tions that do not affect the stability and tertiary structure
of y-crystallins but that cause surface changes that affect
their association.

We have demonstrated that a novel mutation with a 5-
bp duplication within exon 2 of the yC-crystallin gene is
present in al affected individuals including one obligate
carrier (individual 52, Fig.1). Whereas the insertion of
small direct repeats has been associated with slipped mis-
pairing during gene replication (Cooper and Krawczak
1991), there are no obvious repeats or inversions in the
immediate vicinity of this insertion. Unlike the single
base change (AAGATCACCTTCTAT to AAGATCCCC-
TTCTAT at nucleotide 411 in the mRNA encoding
KITFY to KIPFY) recently described in yC-crystalin
(Heon et al. 1999), the 5-bp repeat disrupts the reading
frame of the yC-crystallin coding sequence and results in
synthesis of a truncated polypeptide consisting of 38
amino acids from the first “ Greek key” motif followed by
52 random amino acids. Because the two motifs forming
the amino-terminal domain have interdependent hydrogen
bonding (Blundell et al. 1981; Slingsby and Clout 1999),
this truncated polypeptide would be predicted not to have
the ability to fold properly to form the first “Greek key”
motif. Neither would it have the interdomain receptor
through which By-crystalin domains interact (Sergeev
and Hejtmancik 1997). Even single amino acid changesin
this area can prevent interdomain binding and destabilize
not only the mutant, but aso the interacting domain
(Palme et al. 1997). Thus, it should not be able to associ-
ate in a normal swapped-domain fashion with other 3- or
y-crystallins. Presumably, an unstable monomeric protein
is formed that eventually leads to lens opacity and causes
the cataract. Therefore, these findings suggest that normal
association of mutant and normal By-crystallins through
the hydrophobic interdomain interfaces into oligomers is
not necessary to cause cataracts.

It is unclear why this seemingly drastic yC-crystalin
mutation causes minimal or no cataracts in some lenses
and congenital total cataracts in others, whereas the T4P
substitution results in a more consistent nuclear lamellar
cataract. The physiological effect of this mutation on the
properties of y-crystallin remains to be elucidated. Cur-
rently, we are making a transgenic mouse model of this
human cataract; such a model should provide a valuable
tool for the study of strategies for human cataract preven-
tion and gene therapy.
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